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QCD is the only complete, correct, and internally 
consistent description of any aspect of Nature that 

we have managed to construct!
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A QCD Primer

! Quarks: 3 light flavors, 3 heavy flavors

! Color and Quantum Chromodynamics

• Quarks come in three colors:

• Color is a charge coupled to eight generalized
“photons” ⇒ gluons.

! Color confinement
Quarks are confined in “bags”
of “normal vacuum” surrounded by
some poorly understood, complex
phase of gluon condensate.
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Why theorists love QCD
•
 No parameters (for light quarks)
•
 All interactions are dictated by 

gauge symmetries
•
 Highly non-trivial vacuum
•
 Same kind of structure as 

envisioned for the “Theory of 
Everything”.

•
 If we can’t understand QCD, what 
hope do we have for the harder 
problems ahead?

•
 Rich phenomenology amenable to 
experiment!

ONE EXAMPLE: UNEXPLAINED
REGULARITIES IN THE SPECTRUM
OF LIGHT, NON-STRANGE MESONS.

A. Zaitsev, Protvino, in ICHEP2006
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•
 For the light quarks (that we are made of) there are no parameters!
•
 Hadrons form where interactions are strong.
•
 QCD is not so hard in some domains:  short distances where interactions are weak & 

heavy quarks were dynamics are non-relativistic (intrinsically less interesting --- to me!)

Siegfried Bethke, arXiv:hep-ex/0606035

http://arxiv.org/abs/hep-ex/0606035
http://arxiv.org/abs/hep-ex/0606035
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Why is it so hard to describe hadrons in QCD?
•
 For the light quarks (that we are made of) there are no parameters!
•
 Hadrons form where interactions are strong.
•
 QCD is not so hard in some domains:  short distances where interactions are weak & 

heavy quarks were dynamics are non-relativistic (intrinsically less interesting --- to me!)

Siegfried Bethke, arXiv:hep-ex/0606035
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Light quarks
chiral dynamics

Heavy quarks
non-relativistic 
potential theory

Strange quark

1 GeV 10 GeV100 MeV10 MeV1 MeV 100 GeV

!
QCD

u d bs c t

•	

 The strange quark mass is very 
close to the dynamical mass scale 
of QCD

•	

 So measurements of electromagnetic and weak 
charges of hadrons does not reveal their strange 
quark content.  Many mysteries of QCD can be 
traced to this source.  We would know a lot more 
about strange quarks if their charge was +2/3!

•	

 The electric and weak charge 
matrices of the quarks are 
traceless in flavor SU(3)





2/3 0 0
0 −1/3 0
0 0 −1/3





•
 There are light quarks, heavy quarks, and the strange quark
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Some fundamental questions in QCD...
• IS THERE ARE QUARK MODEL OF HADRONS?

– QUALITATIVE DESCRIPTION OF HADRONS WHICH LED TO THE DISCOVERY OF QCD HAS

BEEN IN TROUBLE FOR SOME TIME, AND HAS RECENTLY SUFFERED ANOTHER BLOW.

• WHAT ARE THE REGULARITIES OF THE HADRON SPECTRUM

AND WHAT DO THEY MEAN?

– VECTOR MESON DOMINANCE AND CHIRAL DYNAMICS.

– PARITY DOUBLING AND OTHER REGULARITIES OF THE MESON SPECTRUM.

– LEARNING FROM STRANGE AND DOUBLY STRANGE BARYONS.

– ARE ALL HADRONS QUALITATIVELY THE SAME? ARE THERE EXOTICS OR MULTIQUARK

STATES?

• HOW DO NUCLEAR FORCES AND STRUCTURE EMERGE FROM QCD?

• WHAT IS THE ROLE OF STRANGENESS IN HADRONS AND NUCLEI?

• WHAT IS PHASE DIAGRAM OF QCD AND WHERE IN THE UNIVERSE IS IT MANIFEST?

• WHAT ARE THE “DEFORMATIONS” OF QCD AND HOW MIGHT THEY BE USEFUL?

– NEW PROBES OF QCD DYNAMICS

– COULD QCD BE “ENVIRONMENTALLY SELECTED”?
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(1)
 Computational QCD using lattice formulation.  Long history, recent 
emergence as powerful tool for hadron structure.  Potentially exact.
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A Theorist’s Perspective

Tools for the study of hadrons in QCD

(1)
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Tools for the study of hadrons in QCD

(1)
 Computational QCD using lattice formulation.  Long history, recent 
emergence as powerful tool for hadron structure.  Potentially exact.

(2)
 Effective field theories.  Especially chiral dynamics, the theory of pions 
interacting with themselves and other hadrons.  Systematic if not exact.

(3)
 Phenomenological models.  Heuristic, historically important.  Can they 
continue to be useful in the era of (1) and (2)?
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But, How to use these powerful tools?
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But, How to use these powerful tools? Solve QCD!!
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But, How to use these powerful tools?

•
 It’s pointless to compute numbers that are already known unless the 
calculation provides insight.  (Mp = 938.27200 ± 0.00004 MeV))

Failing that, do theoretical “experiments”
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 Use lattice or chiral symmetry methods to do “experiments”:  
“measure” quantities that cannot now (or maybe ever) be measured 
directly in real experiments.
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But, How to use these powerful tools?

•
 It’s pointless to compute numbers that are already known unless the 
calculation provides insight.  (Mp = 938.27200 ± 0.00004 MeV))

•
 Use lattice or chiral symmetry methods to do “experiments”:  
“measure” quantities that cannot now (or maybe ever) be measured 
directly in real experiments.

•
 Change the number of colors.

•
 Vary the masses of the light quarks.

•
 Introduce static external color charges.

•
 Alter the quark color representations 
and/or electric charges.

Failing that, do theoretical “experiments”

Study the way that QCD responds 
to various “deformations”
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Examples
1. A new lattice calculation of the orbital angular momentum on the up and down

quarks in the proton will shock the spin physics community.

Ph. Hagler et al. (LHPC Collaboration), arXiv:0703.4295

2. Varying the number of colors in QCD and the masses of the u and d quarks shows
that the σ meson – so important in the nucleon-nucleon force and the binding of
nuclei – is not like other mesons. It is a multiquark state.

J. R. Pelaez, arXiv:hep-ph/0307018, arXiv hep-ph/0309292, arXiv hep-ph/0510118; R.

Jaffe, arXiv hep-ph/0701038; C. Hanhart, J. R. Pelaez, and G. Rios, arXiv 0712.0473

3. Introducing external static color sources reveals diquark and other correlations in

QCD.

R. Jaffe, hep-ph/0507149, C. Alexandrou, Ph. de Forcrand, and B. Lucini, arXiv

hep-lat/0609004

4. Varying quark masses explores the congeniality of other Universes in the

multiverse!

I. Kimchi, A. Jenkins, and R. L. Jaffe, in preparation
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I.
 The orbital angular momentum of up and down quarks: A 
lattice experiment spells trouble for the quark model
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I.
 The orbital angular momentum of up and down quarks: A 
lattice experiment spells trouble for the quark model

•
 1960’s --- emergence of the simple non-relativistic quark model

•
 1970’s --- incorporation into QCD, refinement

•
 1980’s - 1990’s --- the “spin crisis”:  quarks do not carry enough of the 
nucleon’s spin

•
 1990’s - 2000’s --- search for the gluon spin

•
 2000’s --- emergence of lattice QCD as an accurate probe of nucleon structure

•
 2007   --- a lattice result suggests a second spin crisis!
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! Simplest quark model wavefunctions

∣∣p↑〉 =
1√
6

(
2
∣∣u↑u↑d↓〉−

∣∣u↑u↓d↑〉−
∣∣u↓u↑d↑〉)

∣∣n↑〉 =
1√
6

(
2
∣∣d↑d↑u↓〉−

∣∣d↑d↓u↑〉−
∣∣d↓d↑u↑〉)

! Classic prediction of magnetic moment ratio

Quarks

! Then revision!

Meson expansion is out of control ⇒ QUARKS

µn

µp

∼= −
2

3
∼= −

1.91

2.79

Successes like µn/µp led to more detailed model
building, to development of QCD and to
predictions of proton and neutron spin content.

! First vision:
|p〉 = |uud〉
|n〉 = |udd〉

! Three nonrelativistic quarks in
an s-wave bound state

! Additive quark model: Spin of the nucleon
is the sum of the quarks’ spins.

RL Jaffe Spring 2002 11

! Successes like µn/µp led to more detailed quark model building,

to the development of QCD and eventually, to predictions of the

proton and neutron spin content.

1. The Proton is Made of Quarks

! Most naive model: Three non-relativistic quarks
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2. The First “Spin Crisis”

! On general grounds the angular momentum of the proton is the sum of contributions

of spin and orbital angular momentum of both quarks and gluons

1
2

=
1
2
∆Σ + ∆G + ∆Lq + ∆Lg

∆Σ = ∆u + ∆d + ∆s

! The changing picture of the proton spin...
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RHIC as A PolarizedRHIC as A Polarized Collider Collider

BRAHMS & PP2PP 

STAR

PHENIX

AGS

LINAC
BOOSTER

Spin Rotators

(longitudinal polarization)

Solenoid Partial Siberian Snake

Siberian Snakes

200 MeV Polarimeter AGS Internal Polarimeter

Rf Dipole

RHIC pC PolarimetersAbsolute Polarimeter (H! jet)

AGS pC Polarimeters

Strong AGS Snake

Helical Partial Siberian Snake

PHOBOS

Spin Rotators

(longitudinal polarization)

Spin flipper

Siberian Snakes

Installed and commissioned during FY04 run
Commissioned during FY05 run
Installed and commissioned during FY05 runM. Bai!s talk Oct.2, 2006
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The EMC Experiment at CERN

∫ 1

0
g1(x)dx = 0.114 ± 0.012 ± 0.026

Inconsistent with the Ellis-Jaffe sum rule

Γp
1 = 0.189 ± 0.005

• Conclude:
Only a small fraction of the proton spin is carried
by the spin of the quarks (14 ± 9 ± 21)%

Encouragement: Long known that εG ≈ εQ ≈ 1
2

RL Jaffe Spring 2002 24

October 4, 2006 Abhay.Deshpande@Stonybrook.EduAbhay.Deshpande@Stonybrook.Edu 19

RHIC Spin: inclusive RHIC Spin: inclusive !!00 and jet and jet

Thanks: F. Simon & K. BoyleThanks: F. Simon & K. Boyle
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NRQM Weak Decays EMC Relativistic Present State
& ∆s = 0 Quark Model

< 1970 1973 1989 2008
∆Σ 1 0.60± 0.05 0.28± 0.16 α 0.21± 0.06
∆u 4

3 0.92± 0.03 0.82± 0.05 4
3α 0.78± 0.03

∆d − 1
3 −0.32± 0.03 −0.44± 0.05 − 1

3α −0.47± 0.03
∆s 0 0 −0.10± 0.05 0 −0.09± 0.03
∆G 0 ? 0 “small”
∆Lq 0 +0.40? 4

3 (1− α) ?
∆Lg 0 ? − 1

3 (1− α) ?

1
2

=
1
2
∆Σ + ∆G + ∆Lq + ∆Lg

∆Σ = ∆u + ∆d + ∆s
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3. A New “Spin Crisis”

! This one engendered by the first lattice QCD calculation of 〈Lq〉 for u and d quarks.

! First (mild) surprise: Quark orbital angular momentum is consistent with zero.
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new HERMES results, which are consistent with recent COMPASS results[53], and the values given in [51] is probably
to a large extent due to the simple Regge-parametrization which has been used in [51] to compute the contribution
to ∆Σ coming from the low x-region. It is gratifying that the new values are much closer to our lattice results.

These results reveal two remarkable features of the quark contributions to the nucleon spin. The first is that the
magnitude of the orbital angular momentum contributions of the up and down quarks, Lu and Ld, are separately
quite substantial, starting at 0.15 at mπ = 750 MeV and increasing to nearly 0.20 at 350 MeV, and yet they cancel
nearly completely at all pion masses. The second is the close cancellation between the orbital and spin contributions
of the d quarks, Ld and ∆Σd/2 for all pion masses. It would be valuable to understand the physical origin of both
features.
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FIG. 15: Total quark spin and orbital angular mo-
mentum contributions to the spin of the nucleon.
The filled and open stars represent values given in
HERMES 2007 [52] and 1999 [51] respectively and
open symbols represent earlier LHPC/SESAM cal-
culations. The error bands are explained in the
text. Disconnected contributions are not included.
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FIG. 16: Quark spin and orbital angular momen-
tum contributions to the spin of the nucleon for up
and down quarks. The filled and open stars repre-
sent values given in HERMES 2007 [52] and 1999
[51] respectively and open symbols represent earlier
LHPC/SESAM calculations. The error bands are
explained in the text. Disconnected contributions
are not included.

V. CHIRAL EXTRAPOLATIONS

Our ultimate goal is to use the combination of full QCD lattice calculations in the chiral regime and chiral pertur-
bation theory to extrapolate to the physical pion mass, to extrapolate to infinite volume, to extrapolate in momentum
transfer, and to correct for lattice artifacts, with all the relevant low energy constants being determined solely from
lattice data. Significant progress has been made in many aspects of chiral perturbation theory (ChPT) relevant to
the nucleon observables addressed in this work [47, 50, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66]. Although
important developments have been made in correcting for our hybrid action [61, 67, 68, 69, 70] and finite volume
[50, 60], results for the relevant GFFs are not yet available. In this work we will focus on ChPT treatment of the pion
mass and momentum dependence.

The basic problem is that currently, there is not yet unambiguous evidence supporting a particular counting scheme
and its convergence criteria, leading to a range of alternative re-summations, and there is similar ambiguity concerning
the choice of degrees of freedom, such as when and if it is essential to include the ∆ resonance. When complete results
for the observables of interest are available, it will be interesting to compare four approaches: heavy baryon ChPT
(HBChPT)[62, 63, 64], covariant ChPT in the baryon sector (BChPT)[65], self-consistently improved one-loop ChPT
[44, 45, 46, 47, 48], and ChPT with finite-range regulators[57, 59, 66]. Although self-consistent improvement by
utilizing values of parameters like fπ and gA calculated on the lattice at the relevant pion mass and finite-range
regulators appear to improve the behavior of ChPT at larger values of the pion mass, based on the results available
in the literature, we will focus on the two formulations HBChPT and BChPT.

Heavy baryon ChPT, which we will subsequently always refer to as HBChPT, assumes that mπ and the magnitude
of the spatial three-momentum, p, are much smaller than the nucleon mass in the chiral limit, m0

N ∼ 890 MeV,
and the chiral scale Λχ = 4πfπ = 1.17 GeV, and simultaneously expands in powers of the four quantities ε =
{ p

Λχ
, mπ

Λχ
, p

m0
N

, mπ

m0
N
}. In contrast, covariant baryon ChPT, which, slightly changing the notation of Ref. [65], we will

subsequently always refer to as CBChPT, does not treat m0
N and Λχ as comparable scales, but rather keeps all powers

3. A New “Spin Crisis”

! This one engendered by the first lattice QCD calculation of 〈Lq〉 for u and d quarks.

! First (mild) surprise: Quark orbital angular momentum is consistent with zero.
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of the d quarks, Ld and ∆Σd/2 for all pion masses. It would be valuable to understand the physical origin of both
features.
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FIG. 15: Total quark spin and orbital angular mo-
mentum contributions to the spin of the nucleon.
The filled and open stars represent values given in
HERMES 2007 [52] and 1999 [51] respectively and
open symbols represent earlier LHPC/SESAM cal-
culations. The error bands are explained in the
text. Disconnected contributions are not included.
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FIG. 16: Quark spin and orbital angular momen-
tum contributions to the spin of the nucleon for up
and down quarks. The filled and open stars repre-
sent values given in HERMES 2007 [52] and 1999
[51] respectively and open symbols represent earlier
LHPC/SESAM calculations. The error bands are
explained in the text. Disconnected contributions
are not included.

V. CHIRAL EXTRAPOLATIONS

Our ultimate goal is to use the combination of full QCD lattice calculations in the chiral regime and chiral pertur-
bation theory to extrapolate to the physical pion mass, to extrapolate to infinite volume, to extrapolate in momentum
transfer, and to correct for lattice artifacts, with all the relevant low energy constants being determined solely from
lattice data. Significant progress has been made in many aspects of chiral perturbation theory (ChPT) relevant to
the nucleon observables addressed in this work [47, 50, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66]. Although
important developments have been made in correcting for our hybrid action [61, 67, 68, 69, 70] and finite volume
[50, 60], results for the relevant GFFs are not yet available. In this work we will focus on ChPT treatment of the pion
mass and momentum dependence.

The basic problem is that currently, there is not yet unambiguous evidence supporting a particular counting scheme
and its convergence criteria, leading to a range of alternative re-summations, and there is similar ambiguity concerning
the choice of degrees of freedom, such as when and if it is essential to include the ∆ resonance. When complete results
for the observables of interest are available, it will be interesting to compare four approaches: heavy baryon ChPT
(HBChPT)[62, 63, 64], covariant ChPT in the baryon sector (BChPT)[65], self-consistently improved one-loop ChPT
[44, 45, 46, 47, 48], and ChPT with finite-range regulators[57, 59, 66]. Although self-consistent improvement by
utilizing values of parameters like fπ and gA calculated on the lattice at the relevant pion mass and finite-range
regulators appear to improve the behavior of ChPT at larger values of the pion mass, based on the results available
in the literature, we will focus on the two formulations HBChPT and BChPT.

Heavy baryon ChPT, which we will subsequently always refer to as HBChPT, assumes that mπ and the magnitude
of the spatial three-momentum, p, are much smaller than the nucleon mass in the chiral limit, m0

N ∼ 890 MeV,
and the chiral scale Λχ = 4πfπ = 1.17 GeV, and simultaneously expands in powers of the four quantities ε =
{ p

Λχ
, mπ

Λχ
, p

m0
N

, mπ

m0
N
}. In contrast, covariant baryon ChPT, which, slightly changing the notation of Ref. [65], we will

subsequently always refer to as CBChPT, does not treat m0
N and Λχ as comparable scales, but rather keeps all powers

Disconnected diagrams are omitted, so

contributions of qq̄ pairs to Lq are possible.

3. A New “Spin Crisis”

! This one engendered by the first lattice QCD calculation of 〈Lq〉 for u and d quarks.

! First (mild) surprise: Quark orbital angular momentum is consistent with zero.
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Hägler et al also calculate Lu and Ld separately.
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The real enigma is that quark models generically predict that orbital and spin angular

momentum should be parallel. So

∆u > 0 ⇒ Lu > 0
∆d < 0 ⇔ Ld < 0

This is the opposite of what is seen!

Hägler et al also calculate Lu and Ld separately.
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(Ask me offline)
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The real enigma is that quark models generically predict that orbital and spin angular

momentum should be parallel. So

∆u > 0 ⇒ Lu > 0
∆d < 0 ⇔ Ld < 0

This is the opposite of what is seen!

Hägler et al also calculate Lu and Ld separately.

Note that Lu − Ld is an isovector

and not effected by disconnected

diagrams

(Ask me offline)
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Everything’s coming out zero!

∆u + ∆d + ∆s ≈ 0
1
2
∆u + Lu ≡ Ju ≈ 0

1
2
∆d + Ld ≡ Jd ≈ 0

Lu + Ld ≈ 0 mod disconnected diagrams
∆G ≈ small
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Everything’s coming out zero!

So, what remains of the quark model?

And, where is the proton’s spin?

∆u + ∆d + ∆s ≈ 0
1
2
∆u + Lu ≡ Ju ≈ 0

1
2
∆d + Ld ≡ Jd ≈ 0

Lu + Ld ≈ 0 mod disconnected diagrams
∆G ≈ small
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II.
 Varying Nc reveals two types of hadrons  
Ancient question:  How should enhancements and resonances be described in hadronic 
scattering processes?

•	

 Are they associated with poles in the S-matrix?

•	

 Can they be parameterized by some simpler 
formalism, eg. as poles in the “K-matrix”?

•	

 Are they generated by “forces” between the 
scattering hadrons?

•	

 Is there some underlying “zero width” 
approximation that is a good approximation to 
the physical situation?

•	

 Does one size fit all?

Ordinary Hadrons
• YES

• YES

• NO

• YES

Extraordinary Hadrons
• NOT NECESSARILY

• NO

• LIKELY YES

• NO

NO!

Qualitative answers:

• “Ordinary hadrons” are Feshbach Resonances — bound states in confined channels that appear in the

continuum of scattering channels. Their widths vanish asNc → ∞. Almost any zero width

approximation (eg. theK matrix) is a good starting point. The ρ meson is a classic example.

• But there are other hadrons of great interest: “Extraordinary hadrons” that resemble unitarized
potential resonance of the old bootstrap. They disappear asNc → ∞. No zero width approximation

applies. Examples include the famous σ (or f0(600)) of ππ scattering and some of the new
charmonium states seen atB factories.

R. L. Jaffe, arXiv hep-ph/0701038
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Nc and quark mass dependence of low energy ππ scattering from 
chiral dynamics J. R. Pelaez, arXiv:hep-ph/0307018, hep-ph/0309292, hep-ph/0510118

C. Hanhart, J. R. Pelaez, and G. Rios, arXiv 0712.0473
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|t11|
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Nc = 10

Nc = 3

300 400 500 600 700 800

σ Region

|t00| Nc = 3

Nc = 5

Nc = 10

Chiral dynamics is sufficiently accurate to study the dependence of the ρ-meson and
σ-meson mass and width on number of colors and on quark masses.

AlthoughNc = 3 in our world,Nc dependence reveals striking difference between these

two enhancements.

ρ Region
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Unexpected charmonium states seen in B-decays

Z(4430) X(3872)

Y(4260)

Belle

BaBar

Belle

BaBar

Y(4350)

The new, unexpected charmonium

states seen at Belle and Babar have

many properties characteristic of

extraordinary hadrons. The Z(4430)

is particularly interesting because it

decays to J/Ψπ+ which is

characteristic of a multiquark state.
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III.
 Introducing external, fixed color sources into QCD allows 
the study of quark correlations.  R. Jaffe, hep-ph/0507149
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III.
 Introducing external, fixed color sources into QCD allows 
the study of quark correlations.  
Color non-singlet spectroscopy on the lattice

•
 Neutralize with spectator Wilson line (= infinitely heavy quark)

•
 Compare with bottom hadron spectroscopy (in principle)
•
 And with phenomenological models 

Mesons q3cQ

Baryons [qq]3̄cQ

Tetraquark 
mesons [qqq̄]3cQ

Pentaquark
baryons [qqqq]3cQ

R. Jaffe, hep-ph/0507149
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III.
 Introducing external, fixed color sources into QCD allows 
the study of quark correlations.  
Color non-singlet spectroscopy on the lattice

•
 Neutralize with spectator Wilson line (= infinitely heavy quark)

•
 Compare with bottom hadron spectroscopy (in principle)
•
 And with phenomenological models 

Mesons q3cQ

Baryons [qq]3̄cQ

Tetraquark 
mesons [qqq̄]3cQ

Pentaquark
baryons [qqqq]3cQ

C(T ) ∝ 〈0|S†
i (0, T )P

[

exp i

∫ (0,T )

(0,0)
dξµA

µ

]i

j

Sj(0, 0)|0〉

Color non-singlet quark source and sink

R. Jaffe, hep-ph/0507149
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III.
 Introducing external, fixed color sources into QCD allows 
the study of quark correlations.  
Color non-singlet spectroscopy on the lattice

•
 Neutralize with spectator Wilson line (= infinitely heavy quark)

•
 Compare with bottom hadron spectroscopy (in principle)
•
 And with phenomenological models 

Mesons q3cQ

Baryons [qq]3̄cQ

Tetraquark 
mesons [qqq̄]3cQ

Pentaquark
baryons [qqqq]3cQ

Static, infinitely massive, 
neutralizing antitriplet = 
Wilson line

C(T ) ∝ 〈0|S†
i (0, T )P

[

exp i

∫ (0,T )

(0,0)
dξµA

µ

]i

j

Sj(0, 0)|0〉

Color non-singlet quark source and sink

C. Alexandrou, Ph. de Forcrand, and B. Lucini,
arXiv hep-lat/0609004

R. Jaffe, hep-ph/0507149
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θ

r

ρ(x)

(y)ρ

t=0 t=T/2

t=T/4

Alexandrou and de Forcrand look at mass difference 
and spatial correlation of “Good” and “bad” diquarks 
in the background of a fixed color triplet source

Color 3 source

Good-bad diquark mass difference

as a function ofm4
π

Good-bad diquark

angular correlation
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IV.
 Quark mass deformation of QCD. 
•
 Quark mass variation is one of the deformations that can expose underlying 

dynamics in QCD.  Topics include:  Spin splittings, nuclear forces, light quark 
resonance interactions.

•
 And relates to an entirely different issue:


How special are the interactions and parameters that characterize our Universe?

Is it possible that our physical laws are environmentally selected?

How does QCD phenomenology change as the number, electric charges and 
especially, the masses, of light quarks change?

•
 Much discussed recently.*  Our understanding of QCD allows us to make a 
definitive answer for very interesting special cases.

•
 Search for domains of “congenitality” (= possibility of evolving an observer) in 
the parameter space of the Standard model.

S. Weinberg, PRL 59, 2607 (1987), hep-th/0511037; V. Agrawal, S. M. Barr, J. F.

Donoghue, D. Seckel, PRD 57, 5480 (1998), PRL, 80, 1822 (1998); C. J. Hogan,

astro-ph/06022104; L. Hall and Y. Nomura, 0712.2454.

*
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We consider the congeniality of
worlds on a slice as we

Vary light quark masses with as
much as possible held fixed.

I. Kimchi, A. Jenkins, RLJ, in preparation 

The parameter space of the standard model is

very complicated.
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We consider the congeniality of
worlds on a slice as we

Vary light quark masses with as
much as possible held fixed.

I. Kimchi, A. Jenkins, RLJ, in preparation 
An exercise to see how hard this kind of

physics will be:

• Vary the light (u, d, s) quark masses
over domain where SU(3)f

perturbation theory is valid — in

practicemu + md + ms !!! 150

MeV.

• Redefine the MeV so the average octet
baryon mass stays equal to its value in

our world.

• Adjust the electron Yukawa coupling
so the electron mass stays fixed.

• AdjustΛQCD to keep the strength of

the nuclear binding energy fixed.

The parameter space of the standard model is

very complicated.
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OUR WORLD

A WORLD WHERE THE LIGHT
QUARKS THAT FORM NUCLEI
BOTH HAVE CHARGE -1/3

1 GeV 10 GeV100 MeV10 MeV1 MeV0.1 MeV0.01 MeV 100 GeV

QCD

u d bs c t

1 GeV 10 GeV100 MeV10 MeV1 MeV0.1 MeV0.01 MeV 100 GeV

ud bs c t

1 GeV 10 GeV100 MeV10 MeV1 MeV0.1 MeV0.01 MeV 100 GeV

ud bs c t

1 GeV 10 GeV100 MeV10 MeV1 MeV0.1 MeV0.01 MeV 100 GeV

u d bs c t

A WORLD WHERE THE UP
QUARK IS CONSIDERABLY
HEAVIER THAN THE DOWN
QUARK

A WORLD WHERE ALL THREE
LIGHT QUARKS ARE SO LIGHT
THAT ALL EIGHT BARYONS
PARTICIPATE IN NUCLEAR
PHYSICS (THE DREAM WORLD
OF HYPERNUCLEAR PHYSICS)
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Parameterizing the space of possibly light quark worlds

ms md

mu

mu + md + ms = m0
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Parameterizing the space of possibly light quark worlds

ms md

mu

mu + md + ms = m0
ms md

mu

ms ⇔ md

symmetry
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ms md
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ms ⇔ md
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Our world
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Parameterizing the space of possibly light quark worlds

ms md

mu

mu + md + ms = m0
ms md

mu

ms ⇔ md

symmetry

ms

md

mu

Our world

Worlds we can study

m0

150 MeV

m0 ≈ 0
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ms

md

mu

Some qualitative results...

mu ≈ md " ms

md ≈ ms " mu
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